There is a pressing need to verify air pollutant and greenhouse gas emissions from anthropogenic fossil energy sources to enforce current and future regulations. We demonstrate the feasibility of using simultaneous remote sensing observations of column abundances of CO 2 , CO, and NO 2 to inform and verify emission inventories. We report, to our knowledge, the first ever simultaneous column enhancements in CO 2 (3-10 ppm) and NO 2 (1-3 Dobson Units), and evidence of δ 13 CO 2 depletion in an urban region with two large coal-fired power plants with distinct scrubbing technologies that have resulted in ΔNO x /ΔCO 2 emission ratios that differ by a factor of two. Ground-based total atmospheric column trace gas abundances change synchronously and correlate well with simultaneous in situ point measurements during plume interceptions. Emission ratios of ΔNO x /ΔCO 2 and ΔSO 2 /ΔCO 2 derived from in situ atmospheric observations agree with those reported by instack monitors. Forward simulations using in-stack emissions agree with remote column CO 2 and NO 2 plume observations after fine scale adjustments. Both observed and simulated column ΔNO 2 /ΔCO 2 ratios indicate that a large fraction (70-75%) of the region is polluted. We demonstrate that the column emission ratios of ΔNO 2 /ΔCO 2 can resolve changes from day-to-day variation in sources with distinct emission factors (clean and dirty power plants, urban, and fires). We apportion these sources by using NO 2 , SO 2 , and CO as signatures. Our high-frequency remote sensing observations of CO 2 and coemitted pollutants offer promise for the verification of power plant emission factors and abatement technologies from ground and space.
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air pollution | greenhouse gases | climate change T race gas [nitrogen oxides (NO x ), sulfur dioxide (SO 2 ), and carbon monoxide (CO)] and carbon dioxide (CO 2 ) emissions from anthropogenic fossil energy production are major contributors to air pollution and global warming. Under the Clean Air Act, in the United States these emissions are considered a threat to public health and welfare and are regulated by the Environmental Protection Agency (EPA). Although reporting requirements for air pollutants are well established, they are still under development for CO 2 . Reported inventories of CO 2 and pollutant gases are calculated for specific activities using emission factors that depend on fuel composition, combustion efficiency, and scrubbing methods. These bottom-up inventories are subject to significant uncertainties and manipulations (1) . Alternatively, atmospheric observations offer an independent top-down method to verify emissions of pollutant trace gases that have low atmospheric background levels and exhibit large and distinct increases near various combustion sources. For example, satellite observations of NO 2 have been used to evaluate regional and local emissions (2) , but they are only useful for trend analysis, because their large observational footprint can underestimate NO 2 . In contrast, background levels of CO 2 are high with significant variability, making source attribution and verification by direct CO 2 measurements elusive (3), limiting our ability to develop an effective global climate treaty or carbon-trading scheme (4) . We postulate that measurements of coemitted trace gases and isotopic composition can be used to isolate anthropogenic CO 2 emissions and identify contributions from specific sectors with distinct composition (trace gas-to-CO 2 emission ratios, ER X = X/CO 2 , or isotopic ratio 13 CO 2 / 12 CO 2 ). We hypothesize that remote column trace gas measurements over large scales, which are less sensitive to small-scale variability from meteorology than in situ point surface measurements, can provide a more precise method for identifying trends in emissions and emission factors (5) . We evaluate this method by using extensive ground-based in situ and remote observations, and forward modeling using reported in-stack emissions at a site with large power plant emissions of CO 2 and pollutants.
Site and Instrumentation
Our monitoring site is located in Farmington, New Mexico (36.79°N 108.48°W, at 1,643 m above sea level), a semiarid region with two large coal-fired power plants that emit ∼30 Mton/y of CO 2 and 80 Kton/y of NO x (http://ampd.epa.gov/ampd/). The distance between the two power plants is nearly 13 km, making this region the largest point source of pollution in North and South America. The Four Corners power plant (FCPP) has high ΔNO x /ΔCO 2 and is located ∼12 km south of our site, whereas Significance Climate change and air pollution caused by fossil-energyrelated CO 2 and NO x emissions is a capstone societal issue. A critical barrier to an international treaty aimed toward controlling emissions is the inability to verify inventories and reduction of emissions claimed by individual nations following implementation of new technologies. We demonstrate for the first time, to our knowledge, that simultaneous remote observations of CO 2 , NO 2 , and CO regional column enhancements can be made with high fidelity and frequency. These can then be used to identify emissions from power plants and to distinguish them from other sources. Our findings represent a significant advancement in remote sensing monitoring methodology and can be used to develop an enforceable, transparent, and equitable climate treaty. Freely available online through the PNAS open access option. 1 the San Juan power plant (SJPP) has low ΔNO x /ΔCO 2 due to environmental upgrades and is 3.7 km east of our site (Fig. 1) . Both power plants burn coal extracted from the San Juan Basin. The region also has dispersed urban emissions with much higher ΔNO x /ΔCO 2 than the power plants emanating from Farmington and Bloomfield, located 10 and 30 km southeast of our site (Fig. 1) . We analyze column CO 2 , CO, and 13 CO 2 retrieved from spectra recorded by a Bruker 125HR solar spectrometer (henceforth the 125HR) and column NO 2 retrieved from spectra recorded by a Pandora CCD solar spectrometer (Pan23, the 23rd such instrument worldwide), and compare these results with in situ measurements made using a Picarro G2401 analyzer (CO 2 , CO), a Picarro G2101-i analyzer ( 13 CO 2 ), a Model 42i chemiluminescence nitrogen oxides analyzer (NO 2 , NO x ), and a Model 43i pulsed UV fluorescence analyzer (SO 2 ). A description of these instruments and their precision and accuracy is given in SI Text. The 125HR was installed in March 2011 and operated continuously until November 2013, and is part of the Total Carbon Column Observing Network (TCCON; https:// tccon-wiki.caltech.edu/; 6). The Pan23 column NO 2 measurements began in June 2012 and are ongoing.
Results and Discussion
We analyze measurements taken over a 4-month period from June 5, 2012 through the end of September 2012. Our analysis focuses on the plume composition measured by all instruments during clear-sky or partially cloudy conditions. We report, to our knowledge, the first simultaneous remote column observations of CO 2 , CO, and NO 2 and evidence of δ 13 CO 2 depletion in the power plant plumes. The time series of column trace gas measurements are strongly correlated with in situ measurements recorded during plume events, demonstrating that column increases are indeed associated with local and regional pollution (Fig. 2) . However, because in situ and remote sensors measure the gases at disparate spatial scales, some temporal shifts that can be attributed to meteorological conditions are exhibited. Specifically, we demonstrate that changes in weather patterns can cause variations in apparent source of CO 2 emissions that could not be attributed if not for distinct differences in the emission factors of the urban sources and each of the power plants. These differences allow us to distinguish column emission ratios of ΔNO 2 /ΔCO 2 and identify the source of the emission. The phrase "emission ratio" will be used throughout the remainder of the text to refer to the ratio of the change in NO 2 , NO x , SO 2 , and CO to the change in CO 2 , where change (Δ) is considered to be any enhancement compared with the baseline that is observed during clean days.
In Situ and Remote Column Measurements. Fig. 2 illustrates the in situ and regional columnar composition of the atmosphere and its time evolution on a typical day (June 6, 2012) when our instruments sampled the power plant plume. We observe an early morning column X CO2 (column-averaged dry-air mole fractions for CO 2 ; see SI Text for an in-depth explanation) of 398 ppm, 5 ppm higher than the clean air background measured on days when the wind blows from areas where fossil energy sources are nonexistent (the northwest). This increased morning signal indicates regional scale column CO 2 enhancements from the power plant emissions persisted due to overnight accumulation facilitated by meteorology. At 9:30 AM (time fraction 0.40), we see a clear rise in X CO2 that peaks at 407 ppm at 10:55 AM (time 13 CO 2 , NO 2 , CO, and δ 13 CO 2 on June 6, 2012. (A, B, and D) 125HR column-averaged dry-air mole fractions of CO 2 (X CO2 , orange), 13 CO 2 (X 13CO2 , dark gray), and CO (X CO , magenta), respectively, superimposed on the Picarro in situ values of the same gases (cyan). (C) Pandora (light purple) NO 2 total columns superimposed on the EPA in situ (cyan) NO 2 measurements. The black line in A and C is the simulated X CO2 and X NO2 by the nested WRF-Chem model, adjusted in space (0.6 km N) and time (+1 h). (E) δ 13 CO 2 (red) calculated from the 125HR measurements smoothed by the empirical function (Eq. 1) and calculated from the Picarro in situ measurements (cyan). For clarity, error bars are indicated only for column results. For A-D, the primary y axis represents the in situ measurements, and the secondary y axis represents the column measurements. (F) Wind direction (green circles), where 0°corresponds to a wind from the north, and increasing clockwise (red and black dotted lines indicate 90°and 180°, respectively). The wind speed (solid green line) is reflected in the secondary y axis. fraction 0.45; Fig. 2A ) and subsides by 11:30 AM (time fraction 0.48). The evolution of the other gases across time had similar patterns as the evolution of X CO2 (Fig. 2 B-E): X 13CO2 increases by ∼0.1 ppm, NO 2 by 3.1 Dobson Units (DU), and X CO by roughly 30 ppb. Fig. 2 also shows the in situ measurements of CO 2 , 13 CO 2 , NO 2 , and CO for June 6, indicating synchronous increases in all species that occurred between 9:00 AM (time fraction 0.38) and 12:00 PM (time fraction 0.50) local time. All of the in situ peaks are above the background level (CO 2 rose by 90 ppm, 13 CO 2 by 1.1 ppm, NO 2 by 40 ppb, and CO by 370 ppb), and because the emissions are close to the surface, they are much larger than the column observations. The peaks in the in situ chemical and isotopic data demonstrate that our site intercepted the power plant and some urban plume during this period. This is verified independently by the observed meteorology. On June 6, 2012, the wind direction before the occurrence of the peaks was east and east-southeast (90-110°), bringing the SJPP and urban plumes to our site (Fig. 2F) . The decrease in the trace gas concentrations that occurred after local noon coincided with winds that came from northern regions where there are no fossil energy combustion sources. Increased speed winds (>4 m/s) blowing from the southeast during the afternoon also resulted in smaller increases in the trace gas concentrations.
A tight correlation between in situ SO 2 and NO x for the sampled air (r = 0.99) demonstrates that the power plants, sole emitters of SO 2 , were the dominant sources of these gases at our site for this period (7, 8) . We can verify the ΔNO x /ΔCO 2 and ΔSO 2 /ΔCO 2 emission ratios reported by in-stack monitors from our in situ atmospheric increases during the plume enhancements. These ratios are conserved as the power plant plume disperses into the atmosphere, because the lifetimes of the gases are longer than the transport times to our site. Hence, atmospheric measurements of these ratios can be used to verify the emission factors reported by in-stack power plant monitors (7, 8) . The easterly winds indicate a plume from the SJPP, which is evident from the high correlations (r > 0.95) between NO x , NO 2 , SO 2 , and CO 2 (Fig. S1A) . We determine the in situ emission ratios of our plume observations for ΔNO 2 /ΔCO 2 (5.3 × 10 −4 ), ΔNO x /ΔCO 2 (1.5 × 10 −3 ), and ΔSO 2 /ΔCO 2 (3.0 × 10 −4 ) by leastsquares linear regression (9) . ΔNO x /ΔCO 2 and ΔSO 2 /ΔCO 2 ratios are in strong agreement with the hourly emissions reported during the same time period by in-stack monitors at the SJPP (within 2.0% and 5.1%, respectively; Table S1 ). In comparison, these SJPP factors are approximately half of those reported by the FCPP, which is consistent with the deployment of upgraded NO x and SO 2 scrubbers at SJPP starting in 2006 and completed in 2009 ($320 million environmental upgrade; www.pnm.com/ systems/sj.htm). Likewise, there is good agreement between the estimated in situ ΔCO/ΔCO 2 emission ratio (3.7 × 10 −3 ) for June 6 ( Fig. S1B ) and values observed at other power plants (7, 8) .
The regional column ΔNO 2 /ΔCO 2 emission ratio was determined to be 3.7 × 10 −4 for June 6 using the correlation plot (Fig. S2A ) of the Pandora NO 2 and 125HR CO 2 columns, and is about 70% of the in situ value measured during the plume interception. A likely reason for this is that the column solar measurements sample a large region of the atmosphere (from surface to 100 km) and observe a spatial average of the air mass fractions over tens of km with polluted and clean air. Additional days with similar meteorological conditions (Figs. S3 and S4) also had constant column/in situ ΔNO 2 /ΔCO 2 ratios of ∼70%. Similar results were achieved using CO, an independent pollutant tracer. The CO versus CO 2 correlation plot indicated a ΔCO/ ΔCO 2 emission ratio of 2.8 × 10 −3 (Fig S2B) , and the ΔCO/ΔCO 2 column/in situ ratio was 76%. This agreement in the independently derived regional polluted air mass fractions indicates consistency among individual plumes (Table S1 ). The slightly lower value for ΔNO 2 /ΔCO 2 compared with ΔCO/ΔCO 2 could be the result of the conversion of some NO 2 to HNO 3 at longer transit time and/or the presence of more distributed CO sources such as transport and fires.
High-resolution (200 m) simulations were also performed using a nested Weather Research Forecast-Chemistry (WRFChem) model that focused on Four Corners, for June 6, 2012 (SI Text). The model used the hourly in-stack emissions reports to update regional emissions inventory (National Emission Inventory 2002 and Vulcan). The plume rise in the model was parameterized and was 100-300 m, depending on the meteorology. Model simulations were able to reproduce the observed time evolution of CO 2 and the large 10 ppm increase ( Fig. 2A) after small spatial (0.6 km) and temporal (1 h) adjustments of the plume. Such adjustments are consistent with limited power plant plume dispersion studies in chemical transport models (8) . This indicates that the high-resolution WRF-Chem captured the large-scale dynamics and mixing of the plume into the regional atmosphere for CO 2 , which is long-lived ( Fig. 2A, solid  black line) . However, the small-scale plume mixing with the ambient air was sluggish in our simulations as this subgrid process is not well represented in WRF-Chem. Therefore, although NO x (NO + NO 2 ) simulations were stronger, entrainment of ambient O 3 , which converts emitted NO to NO 2 , was needed to match the large point increases in NO 2 that we observed (as shown in Fig. 2C by a solid black line). The simulated ΔNO 2 / ΔCO 2 ratio for June 6, 2012 was 4.1 × 10
, consistent with our observations of a large polluted regional column fraction. More detailed high-resolution power plant plume dispersion and chemistry model studies are needed to quantify their uncertainty.
The key finding from our analysis of multiple plumes was that the polluted fraction of the regional atmosphere was substantial, relatively constant for a particular meteorology and primarily due to emissions from the two large power plants (Table S1 ). Compared with ambient CO 2 , coal is isotopically light in 13 C, which results in emissions from coal power plants with a distinct 13 CO 2 signature (approximately -27‰) (10) that is much more depleted in 13 C than the background value of -8‰. This difference is clearly resolved by our high-precision in situ measurements of the plume. The in situ δ 13 CO 2 (SI Text and Fig. 2E ) and CO 2 ( Fig. 2A ) coevolve as mirror images; the covariation in the CO 2 peak and δ 13 CO 2 minimum is indicative of emissions from a coal-fired power plant that burns coal that is lighter in 13 C. By using simple linear mixing, we find a decrease in the δ 13 CO 2 time series of ∼5.5‰, which corresponds to the maximum increase in CO 2 of about 90 ppm and is consistent with the change shown in Fig. 2E .
To infer the isotopic composition of the coal power plant plume source from our atmospheric observations, we show the Keeling plot (10) for in situ measurements of the plume on three different days (Fig. 3) . The intercept, -26.0 ± 0.5‰ (±1σ), of the least-squares linear regression between δ 13 CO 2 and 1/ 12 CO 2 yields the isotopic composition of the CO 2 from the local coal used in the power plant. This derived value strongly agrees with the -26.5 ± 0.3‰ measured isotopic composition of coal samples from the local San Juan Basin (11) , and it demonstrates that as long as the coal or other fuel used by a power plant has a distinct isotopic signature, we can use high-precision in situ δ 13 CO 2 observations to verify its origin. Looking at the remote column δ 13 CO 2 results on June 6, we note that the column CO 2 increased by ∼10 ppm, or 2.52% at its peak relative to the baseline. For this same time, δ 13 CO 2 retrieved from the column Fourier transform spectrometer (FTS) data led to a well-defined trough with a maximum at approximately −12‰. An independent evaluation using simple linear mixing and our in situ Keeling result indicates a column decrease of δ 13 CO 2 on June 6 of 0.65‰ [2.52% × (−26.0)], which should yield a column δ 13 CO 2 value of −8.65‰. This demonstrates that our retrieved FTS column value is unrealistically low and suggests that for our conditions the retrieved FTS column for 12 CO 2 and 13 CO 2 are not precise enough to yield δ 13 CO 2 estimates that are better than 3-4‰. In-depth analysis of the retrievals revealed that the most logical cause for the error is a combination of the difference in the averaging kernels for the two isotopologues and the significant atmospheric heterogeneity introduced by the plume. A comparison of the averaging kernels for this plume interception time period indicates that the two are definitely different. We conclude that in contrast to 0.6‰ claims in recent publications (12) , current retrievals are unable to provide the fraction of per mil (‰) accuracy for δ 13 CO 2 in a heterogeneous atmosphere. The relatively low-noise dip seen in the measured δ 13 CO 2 signal indicates that our FTS spectra are indeed resolving (but not quantifying) the drop in δ 13 CO 2 created by the depleted plume, despite the fractional per mil estimated magnitude of −0.65‰. Therefore, to quantify the column δ 13 CO 2 , we have adopted a semiempirical approach where we constrain the depletion at the peak to be −8.65‰, using our calibrated high-precision in situ measurements as a constraint as discussed earlier. We use an empirical function (Eq. 1) to scale the "plume region" of δ 13 CO 2 , where the δ 13 CO 2smooth trough corresponds to −8.65‰:
where CO t 2 is the CO 2 value at time t and CO bkg 2 is the background CO 2 value (Fig. 2E) . Comparable results were found for the plumes detected on May 31 (−8.91‰) and June 16 (−8.35‰; Figs. S3 and S4), indicating that our semiempirical column δ 13 CO 2 estimation methodology is robust and can be used to quantitatively retrieve column δ 13 CO 2 after it has been calibrated with in situ measurements at our site.
Source Attribution. We demonstrate that the column emission ratios of ΔNO 2 /ΔCO 2 can resolve changes resulting from day-today variation in sources with distinct emission factors. We measured column CO 2 and NO 2 over a period of 117 days from June to September 2012, acquiring simultaneous observations of the two trace gases for 79 days. The over 3 ppm increase in X CO2 relative to the background on 69 of the days (87%) supports our claim that we sampled the regional emissions (i.e., power plant, urban, or fire) with high coverage. During this time frame we intercepted 123 plume events that lasted between 1 and several hours, some examples of which are featured in Fig. 4 . The scatter-plots (least-squares linear regression) of column NO 2 versus column CO 2 are used to derive top-down emission factors (ΔNO 2 /ΔCO 2 ) and to attribute the various sources. To help delineate the sources, we cluster these events into three groups based on the observed increases in NO 2 and CO 2 with examples in Fig. 4 . The groups are classified as follows: group 1 (Fig. 4A ) has large NO 2 but small CO 2 increases and represents 35.7% of all plume events, group 2 ( Fig. 4B ) has large increases for both NO 2 and CO 2 and dominates our dataset with 60.2% of all plume events, and group 3 ( Fig. 4C ) has small NO 2 but large CO 2 increases and accounts for the remaining 4.1% of the total number of plume events. The plumes analyzed in the first part of this work belong to group 2. There were also days when there were large shifts in the wind direction during the course of the day, resulting in multiple plume events that were a combination of groups 1 and 2 (e.g., For events belonging to group 1, meteorological conditions indicate that winds emanated from the south and southeast, which brought air from the FCPP and the urban region ( Fig. S6 ), but the signal subsided in the late afternoon due to southwesterly winds. The FCPP emits more CO 2 than the SJPP, but it is approximately three times farther (∼12 km compared with ∼3.7 km) from our site. The longer distance results in dilution of the FCPP plume as it mixes with the ambient air within the field of view of our solar spectrometer. However, this plume is mixed with polluted air with high ΔNO 2 /ΔCO 2 from the urban region southeast of our monitoring site. The slopes of our column ), partly because the FCPP has twice the ΔNO 2 /ΔCO 2 emission factor of the SJPP, but mostly because urban emissions have much higher ΔNO 2 /ΔCO 2 ratios than power plants (5 × 10 −3 ; 13). For group 1, the column/in situ ratios of ΔNO 2 /ΔCO 2 (75%) are also larger compared with those belonging to group 2 (70%), with the exception of June 7 (65% ;  Table S1 ). This indicates that, for group 1, the measured column ΔNO 2 /ΔCO 2 was high and that FCPP and urban sources contributed to the polluted regional air mass fraction. Moreover, the ΔCO/ΔCO 2 column/in situ ratios for this group exceed 90%, which were again larger than those observed for group 2 and consistent with a large urban contribution to the polluted regional air mass.
Meteorological conditions contribute to the complex day-today variability of the results, making their relationship intricate and necessitating the use of meteorological and other corroborative information for interpretation. Because SO 2 lifetime is on the order of days, we use the measured in situ ΔSO 2 /ΔCO 2 emission ratio as a unique tracer for power plant emissions. For group 1, where the winds indicate air masses originating from the FCPP and the urban region, we can calculate the fraction of air sampled from each source by considering the FCPP emission value weighted by the in situ ΔSO 2 /ΔCO 2 to FCPP ΔSO 2 /ΔCO 2 ratios (Table S1 ). For example, on September 26, we found that 69% of the pollution came from the FCPP and 31% from urban sources (using a ΔNO X /ΔCO 2 value of ∼5 × 10 −3 for urban emissions and in-stack data for FCPP).
Group 2 events are characterized by winds blowing from the east bringing air from the nearby SJPP and then changing to the east-southeast bringing some air from the urban region (Fig. S7) . These meteorological conditions occurred on more than 60% of the sampled days. Note that due to the proximity of our site to the SJPP, there was less dilution by mixing with ambient air, causing the NO 2 and CO 2 concentrations to be larger for group 2 than for group 1. , respectively) than for group 1, which is consistent with the smaller ΔNO 2 /ΔCO 2 emission factor of the SJPP and the less intrusive mixing of the urban plumes for this meteorology. Our key finding is that our remote column measurements can resolve the emission factor differences from the FCPP plume, the SJPP plume, and the urban plume and are consistent with meteorology. Following the same rationale of using SO 2 as a marker for power plants as we did for group 1, we find that for May 31, 100% of the pollution is due to the SJPP, whereas for June 6, 98% is due to the SJPP and 2% from urban pollution. This is consistent with our site's proximity to the SJPP and the favorable wind patterns for sampling it relative to the urban plume.
Of particular interest are those days with mixed meteorological conditions, which are characterized by two plumes with different slopes. Our observations show that morning plumes usually belong to group 2, when winds mostly blow from the east, whereas afternoon plumes belong to group 1, when winds blow from the south-southeast. July 23 exemplifies this pattern (Fig.  S5) . First, the group 2 plume formed before local noon on this day (slope = 3.56 × 10 −4
), followed by a second group 1 plume that formed after 1:30 PM (slope = 10.9 × 10
−4
). Group 3 events (Fig. 4C) can arise from nonfossil combustion sources that have lower ΔNO x /ΔCO 2 emission ratios, such as fires, which have a slope <1 × 10 . Furthermore, we find that group 3 has the highest in situ ΔCO/ΔCO 2 value of about 0.01 for all sampled days. The FTS X CO column is also enhanced and correlates very well with X CO2 (e.g., on August 11, r = 0.97; Fig.  S8B ), having a high emission ratio value (5.2 × 10 −3 for August 11). The high ΔCO/ΔCO 2 is due to incomplete combustion that is common in fires. Both observations suggest that we likely sampled air masses containing biomass-burning plumes. The ΔCO/ ΔCO 2 column/in situ ratio for August 11 is 53 ± 5%, indicating a less polluted regional air mass fraction with CO originating from more remote regions, compared with groups 1 and 2. This finding was supported by the northwesterly wind direction observed on August 11 (Fig. S8A) ; these winds emanated from a region where there are no fossil energy sources. We examined the moderate resolution imaging spectroradiometer (MODIS) active fire detection archive during this period, which indicated massive wildfires in Nevada and Utah during the second week of August. Similarly, July 18 also had large enhancements of both X CO2 and X CO (Fig. S8 C and D) , indicating the presence of biomass burning emissions. Analysis of group 3 demonstrates our ability to identify and separate CO 2 emissions from fires using high ΔCO/ΔCO 2 as a proxy.
Our analysis of extensive and intensive chemical composition observations at multiple scales demonstrates that remote sensing of regional column NO 2 , CO, and CO 2 is a powerful method to discriminate and attribute contributions of distinct sources with different emission factors quantitatively. The remote column ΔNO 2 /ΔCO 2 ratios of FCPP and urban plume emission (group 1) are 2-10 times larger than those dominated by the SJPP emissions mixed with some urban plumes (group 2), yet the SJPP and urban plumes are 3-10 times larger than those from biomass burning (group 3). Atmospheric observations of other sourcespecific tracers (e.g., CH 2 O, CH 3 CN, or HCN for fires and hydrochlorofluorocarbons from vehicle air conditioners) can further improve our ability to delineate contributions of multiple sources to regional greenhouse gas and pollutant increases.
The world coal reserves are estimated to be 930 Gt, which suggests that the number of coal-fired power plants will continue ; and (C) group 3 (dark green), slope <1 × 10
, and for a day without pollution (orange). Each group corresponds to sources with distinct emission factors and location relative to our site as discussed in the text.
to expand, resulting in significant growth of CO 2 emissions (e.g., in China and India). The Kyoto protocol (http://unfccc.int/resource/ docs/convkp/kpeng.pdf) requires the regular reporting of CO 2 emissions, but current reporting in non-US countries is based on bottom-up estimates that use the type of fuel burned, power plant thermal efficiency, and CO 2 conversion factors, rather than direct measurements of CO 2 emissions. Independent approaches are required to verify CO 2 emissions of individual power plants. The National Research Council recommends (14) the evaluation of satellites for this purpose and the ongoing Greenhouse Gases Observing Satellite, imminent Orbiting Carbon Observatory (OCO)-2, and the future CarbonSat mission should provide data to assess this (SI Text). Our high-frequency and precision groundbased remote-sensing results provide the performance metric and sampling strategy for satellite-based measurements, permitting a global emission monitoring system. We show that continuous highfrequency measurements from future geostationary satellites such as geoCARB have distinct advantages over single snapshot orbiting satellites for verification (15) . Furthermore, our results show that simultaneous observations on NO 2 , CO 2 , CO, and SO 2 from the satellites have the potential to attribute various CO 2 sources and also verify power plant environmental technology upgrades to improve air quality.
Conclusions
We report simultaneous in situ and column remote measurements of anthropogenic plume composition in ambient air in a semiarid region with substantial emissions from two large coal-fired power plants in an urban setting. Our multiscale observations of trace gases and CO 2 capture the temporal evolution of the power plant plume composition with high fidelity. Our ground-based remote measurements of regional column ΔNO 2 /ΔCO 2 ratios are compared with in situ plume ratios to show that a large and stable fraction of the regional atmosphere is polluted (70-75%) in the vicinity of large combustion sources. Regional-scale remote column observations average over the fine-scale variability in point measurements, providing a less noisy and smoothed observable for emission verification (5) . The agreement between our column CO 2 and NO 2 plume observations and our forward model simulations with in-stack emissions suggests that the methodology could be used for verification. We demonstrate that our remote column ΔNO 2 /ΔCO 2 observations can resolve large variations from regional sources with distinct emission factors and apportion them using other signatures such as SO 2 and CO. Our findings offer promise for future satellite-based monitoring approaches that simultaneously measure column CO 2 and NO 2 and determine emission factors from space. Long-term observations of atmospheric ΔNO 2 /ΔCO 2 above power plants could allow for verification of ΔNO 2 /ΔCO 2 
Materials and Methods
Observations. We focus on CO 2 , NO 2 , NO x , SO 2 , and CO and use in situ and ground-based remote column measurements for our study. In situ (point) measurements of CO, CO 2 , and its isotopes were made using two Picarro gas analyzers. These analyzers have excellent stability and are based on the Wavelength-Scanned Cavity Ring-Down Spectroscopy technique (SI Text). NO 2 and NO x were obtained from a chemiluminescence NO-NO 2 -NO x analyzer (SI Text), whereas SO 2 was obtained from a pulsed fluorescence analyzer (SI Text). All in situ instruments have a time resolution better than a minute. For column CO 2 , 13 CO 2 , and CO measurements, a Bruker 125HR FTS was used. This instrument is part of the TCCON network and is designed for highly precise solar measurements in the near-infrared (NIR) spectral region (SI Text), with a high time resolution of ∼3 min. NO 2 columns were derived from the Pandora CCD solar spectrometer (SI Text), which measured side-byside with the 125HR. Our Pandora has a high time resolution of 20 s. Measurements from June 5 to September 30 were analyzed, of which typical examples are highlighted in this work. In situ and remote column emission ratios of ΔNO 2 /ΔCO 2 , ΔNO x /ΔCO 2 , ΔSO 2 /ΔCO 2 , and ΔCO/ΔCO 2 were used to resolve changes resulting from variations in the contributions from the two power plants, urban sources, and remote fires, all of which have distinct emission factors. Meteorology (from an onsite ZENO weather station, www. coastalenvironmental.com/) was used for the interpretation of the results and attribution to the correct source. Our observations were compared with real-time in-stack power plant emission values reported by the EPA (http:// ampd.epa.gov/ampd/) for emission verification. ) is observed using InGaAs (3,800-12,000 cm
) and Si-diode detectors (9,500-30,000 cm −1 ) in conjunction with a dichroic optic (Omega Optical, 10,000 cm −1 cut-on). The NIR interferograms are recorded using an optical path difference of 45 cm with a 2.4 mrad field of view (FOV). This results in an instrument line shape of 0.014 cm −1 full-width at half maximum, which is sufficient to fully resolve the individual absorption bands for CO 2 A solar tracker installed on the roof of the container that hosts the instrument directs the solar beam to the 125HR. This solar beam that has passed through the atmosphere is the light source for our 125HR. The interferograms are collected every 3 min and are used to retrieve the vertically integrated total columns of the atmospheric constituents mentioned above. The GFIT nonlinear least-squares fitting algorithm is used to scale an a priori profile and generate the best spectral fit. The scaled profile is then used to compute the column abundance, which is converted to column-averaged dry-air mole fraction (DMF) for each gas (denoted by X G ) to remove the effects of surface pressure variation. The DMFs are calculated by dividing each gas column by the column of dry air, which is obtained from the O 2 column measured in the same NIR spectrum (1, 2).
When measuring CO 2 , TCCON requires high precision and accuracy, otherwise the small gradients in global CO 2 would prohibit in-depth understanding of the carbon cycle. To guarantee this network-wide precision and accuracy, all sites must adhere to TCCON standards of data acquisition and analysis [i.e., they use the same instrument (Bruker 125HR FTS) with identical settings, data acquisition procedures, data processing and analysis software, and calibration onto the World Meteorological Organization's (WMO) gas scale]. The total columns are calibrated based on profiles obtained from aircraft measurements and corrected for systematic errors, including those introduced by omissions in the spectroscopic parameters, spurious air mass dependence, or the modeling of the instrument response (1-3 and references therein). The calibration factor resolves large (∼1%) uncertainties in the spectral line parameters and scales the retrievals to the same absolute WMO calibration as the in situ network. The final product is a calibrated column-averaged DMF with a precision better than 0.2% for CO 2 at solar zenith angles (SZAs) smaller than 83°.
Random noise, errors in the a priori profiles, changes in the alignment of the instrument, changes in the performance of the instrument, and surface pressure errors all contribute to this uncertainty. The detailed TCCON procedure for random error calculation is shown by ref. 1 using the perturbation methodthat is, each source of error is perturbed by a realistic amount in the GFIT forward model. The fractional difference for each source of error relative to the unperturbed case is then computed, with the total error equal to the sum in quadrature of all individual errors. The average total error for X CO2 at the Four Corners site is 0.16% (≤0.9 ppm), which is very close to the results shown for Lamont (1) . The X CO total error is 0.66% (≤0.8 ppb). Pandora complementary metal-oxide-semiconductor spectrometer. The Sun-and-Sky Pandora spectrometer system is a high-precision instrument capable of making column NO 2 measurements within ±0.01 Dobson Units (DU) at a 2min temporal resolution. It is based on an Avantes 50 μm slit spectrometer with a UV sensitive back-thinned 2048 × 64 pixel CCD. Light enters through a single strand multimode optical fiber connected to a sensor head with foreoptics. The lens and fiber optic diameter combine to produce a 1.5°FOV. The sensor head is mounted on a computercontrolled sun tracker and sky scanner (∼0.01°pointing precision). The first of two filter wheels contains neutral density filters (ND1, ND2, ND3, and ND4) that allow the 10,000:1 dynamic range necessary for sun and sky observations at all latitudes and seasons. Wavelength calibration and slit functions for the Pandora instruments are determined using precision lasers and lamp emission lines of Hg, Cd, Cu, In, Mg, and Zn, and then validated in the field by analyzing the solar Fraunhofer line structures. Wavelength and radiometric calibration stability are maintained by housing the spectrometer inside an insulated enclosure with internal temperature stabilized to 1°C using an actively coupled thermoelectric cooler and heater. More detail is provided in ref. 4 .
Possible deviations from the actual NO 2 column [C(NO 2 )] are estimated using a combination of the uncertainties in the relative NO 2 slant column (SCREL), the reference NO 2 slant column (SCREF), and the air mass factor (AMF). The precision of SCREL is approximately ±0.01 DU under clear-sky conditions, but under cloudy skies fewer photons are received during the fixed 20-s integration time, reducing the signal-to-noise ratio and causing the precision to drop to ±0.2 DU. We estimate an additional ±5% uncertainty for SCREL caused by differences between actual and assumed atmospheric temperatures and a similar systematic bias caused by uncertainties in the laboratory absorption cross-sections. On the basis of the field calibration, we estimate the uncertainty of SCREF to be approximately ±0.05 DU, half the stratospheric value of C(NO 2 ). Uncertainty in the AMF is less than 1% when the SZA is less than 80°and is primarily dependent on assumptions of the height of the effective tropospheric layer, which we have assumed to be 2 km above the local surface. Under clear skies, when the SZA is less than 80°, we can neglect the precision of SCREL and the uncertainty in AMF in the total uncertainty budget, resulting in a simplified estimate of the total uncertainty ER [ER = (±0.05 DU ± 5%)/ AMF at the 2-sigma level]. For example, a C(NO 2 ) measurement of 1.5 DU would have an error estimate of ±0.09 DU for AMF = 1 and ±0.07 DU for AMF = 5. Picarro gas analyzer. The Picarro G2101-i 13 CO 2 and G2401 CO 2 , CO analyzers are based on the Wavelength-Scanned Cavity Ring-Down Spectroscopy technique (5) . In brief, a tunable laser is used to rapidly inject light of a specific wavelength into a cavity with a very long optical path length (∼20 km). The decay of that light (the ring-down) is dependent on an intrinsic loss of light by the cavity and its mirrors and on absorption by the target gas molecules. The difference in the decay time for samples with and without target absorbers is proportional to the mole fraction of the target gas. With a tunable laser, multiple species, including isotopic variants, can be scanned in a very short period as long as the spectral features of interest are within a reasonable range. Local air is drawn from a mast at the top of the observatory (∼5 m above ground level) at our research facility and delivered to the instruments via insulated 1/4-inch synflex tubing. An automated valve sequencer allows a set of in-house reference gases to be analyzed for the target species of interest (in this case 12 CO 2 , 13 CO 2 , and CO). The Picarro analyzers have excellent stability, which allows us to limit reference analyses to 20 min every 23 h to check for long-term drift, and any variability that might be attributable to diel influences on system behavior. To date, no significant long-term drift or inconsistencies have been observed, and our independent reference analysis agrees well with the instrument precision reported by Picarro Inc. δ 13 CO 2 = (R sample /R PDB -1) × 1,000 expressed in ‰, where R is the ratio of 13 CO 2 to 12 CO 2 in the sample and reference, the Pee Dee Belemnite being the universally accepted reference (a marine fossil carbonate) for reporting of stable isotope values of carbon. The isotopic CO 2 analyzer reports δ 13 CO 2 values that are integrated over a 5-min interval with better than ±0.3‰ precision (determined by repeat analyses of the reference gases). The 30-s concentration precision is within 200 ppb for 12 CO 2 and 10 ppb for 13 CO 2 . When using the G2401 instrument, the precision of 5-min CO and CO 2 concentrations are better than 2 ppb and 50 ppb, respectively. Please refer to www.picarro.com/products_ solutions/scientific_instruments for more information. The 42i nitrogen oxides analyzer. NO concentration can be determined based on the principle that NO and O 3 react to produce a characteristic luminescence with intensity that is linearly proportional to the NO concentration. The Thermo Fisher Scientific, Inc. 42i nitrogen oxides analyzer operates according to this principle to measure NO, NO 2 , and NO x . NO is a straightforward measurement, but NO 2 concentrations are not. NO 2 must be transformed into NO by a molybdenum NO 2 -to-NO converter heated to 325°C, and then the generated NO is measured by the analyzer; the NO 2 concentration in the sample is the difference between the total NO after transformation and the ambient NO. The measurement range for the instrument is 0-100 ppm, with a one-sigma noise value of 0.2 ppb and a 24-h drift that is less than 0.5 ppb. Five-minute data-averaging intervals are used to decrease the noise level and estimated error to less than 0.5 ppb. For more information, please refer to ref. 6 . The 43i sulfur dioxide analyzer. The Thermo Fisher Scientific Inc. 43i sulfur dioxide analyzer is a pulsed fluorescence SO 2 analyzer that operates based on the principle that SO 2 molecules absorb UV radiation at specific wavelengths. A sample flows through a fluorescence chamber where pulsating UV light excites the SO 2 molecules. As their energy states decay, these molecules emit UV radiation that is proportional to the SO 2 concentration. A bandpass filter allows only the wavelengths emitted by the excited SO 2 molecules to reach the photomultiplier tube. The instrument measures in the 0-100 ppm range with a lower detectable limit of 0.5 ppb (for data averaged over 5 min) and a 24-h drift that is less than 1 ppb. For more information, please refer to ref. 7.
The WRF-Chem Model. The Weather Research and ForecastingChemistry (WRF-Chem) model (8) version 3.1 is used to simulate the chemical and physical behaviors of stack plumes over the complex terrain of the remote sensing verification project (RSVP) site. The 3D, fully compressible, and nonhydrostatic meteorological model is solved on an Arakawa-C grid and terrainfollowing pressure coordinate system (9) . In this study, it is configured with five domains using a one-way nested large-eddy simulation approach. The outermost domain covers the western United States with a horizontal grid spacing of 16.2 km (133 × 107 mesh), whereas the inner nested domains are sequentially zoomed in on the Four Corners region with a nesting ratio of 3. The finest domain encompasses the San Juan and Four Corners power plants (SJPP and FCPP) and the RSVP site. The vertical grids are composed of 60 full-sigma levels stretching from near surface (∼28 m at the first half sigma level) to the model top (50 hPa). The first 38 layers are located below 3 km above ground level.
Applied physical processes in the WRF-Chem model include the Goddard shortwave (10) and the Rapid Radiative Transfer Model (RRTM) longwave (11) radiation schemes, the Lin microphysical scheme (12), the Grell-Devenyi ensemble convective scheme (13), the Noah land surface model (14) , and the MoninObukhov similarity theory (15) . Atmospheric boundary layer turbulent mixing is calculated using the Yonsei University nonlocal scheme (16) for domain d01 and d02 and the MellorYamada-Janjic turbulence kinetic energy-based scheme (17) for domain d03 and d04. For domain d05, "effective" turbulence scales are explicitly resolved at the grid scale. The Kinetic PreProcessor method models Regional Atmospheric Chemistry Mechanism gaseous chemistry (18) Satellite-Born Instruments for CO 2 and NO 2 : An Overview. Although its instrument was not specialized for CO 2 observations, scanning imaging absorption spectrometer for atmospheric chartography (SCIAMACHY) was the first space-born sensor (2002) to show the global distribution of the CO 2 column abundance. Over the past decade, different groups have developed algorithms to analyze the SCIAMACHY spectral observation (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) and were able to detect CO 2 variations to within a few ppm-for example, the global annual CO 2 increase of nearly 2 ppm/y and the seasonal cycle of CO 2 over the northern hemisphere (30, 34) . Regionally elevated CO 2 was detectable over strong and extended anthropogenic source regions using observations made by SCIA-MACHY averaged across several years (34) . Although the latest SCIAMACHY CO 2 column abundance retrieval method achieved precisions that were between 1% and 2% with an accuracy of ∼1.5% (34), they were still insufficient for flux estimation. SCIAMACHY has also provided extensive NO 2 data that have been used to verify urban and power plant emissions (36) .
SCIAMACHY is no longer operational but is succeeded by the Atmospheric Infrared Sounder (AIRS) instrument, which was launched in 2002 onboard NASA's AQUA satellite (37) . AIRS is a high-spectral resolution spectrometer that can measure CO 2 in the mid troposphere.
The focus of next-generation satellites is to advance our understanding of natural CO 2 sources and sinks and to verify and constrain anthropogenic emissions. The Japanese Greenhouse Gases Observing Satellite (GOSAT) and the NASA Orbiting Carbon Observatory (OCO) were the first space-based sensors designed specifically to measure CO 2 with the sensitivity, spatial resolution, and geographic coverage needed to quantify CO 2 sources and sinks on regional scales at monthly intervals (38) (39) (40) (41) (42) (43) .
Placed in a sun-synchronous orbit with an inclination angle of 98 degrees, GOSAT flies at an altitude of ∼666 km and completes an orbit in about 100 min (44) (45) (46) (47) ). Bands 2-4 are recorded with 0.26 cm −1 spectral resolution. The footprint at nadir of TANSO-FTS has an approximate diameter of 10.5 km at sea level. The nominal single-scan data acquisition time is 4 s. The average total retrieval error for X CO2 is 1.48 ppm over land and 1.7 ppm over the ocean (47) .
OCO (38) was lost because of a launch vehicle malfunction (48) and was replaced by the OCO-2 mission that is scheduled for launch in July 2014 (http://oco.jpl.nasa.gov/). During its 2-y mission, OCO-2 will fly in a 1:15 PM sun-synchronous orbit with a 16-d ground-track repeat time [preceding the earth observing system (EOS) Aqua platform]. It will have a single onboard instrument that incorporates three high-resolution spectrometers that are designed to measure reflected sunlight in the 0.76 μm O 2 A-band and in the CO 2 bands at 1.61 and 2.06 μm. Each spectrometer will have a 10-km-wide field of view at nadir, which is divided into 1-km-wide samples. The acquisition frequency (4.5 Hz) combined with the spacecraft's ground track speed (6.78 km/s) will result in a down-track resolution at nadir of 1.5 km. A robust validation program was included in the mission to ensure that the space-based X CO2 measurements have precisions of ∼0.3% (or 1 ppm) on regional scales (38) .
The OCO and GOSAT science teams collaborate closely to develop a common approach for validating their X CO2 products. The retrieval method developed originally for NASA's OCO mission was used to calculate the X CO2 from spectra recorded by the TANSO-FTS, the new product being named the atmospheric CO 2 observations from space (ACOS) GOSAT X CO2 product. Because TCCON has become a reliable source of high-quality ground-based remote sensing measurements of X CO2 , detailed comparisons between X CO2 retrievals from GOSAT and TCCON have helped to detect and quantify regional-scale biases in the ACOS GOSAT X CO2 product. Once in orbit, OCO-2 will deliver high-quality data products (41, 49) .
CarbonSat is the European Space Agency's Earth Explorer 8 candidate mission that aims to quantify and monitor CO 2 and CH 4 sources and sinks. Its objective is to better understand the processes that control the carbon cycle dynamics (like GOSAT and OCO) and to estimate the local greenhouse gas emissions in the context of international treaties. To achieve this goal, high spatial resolution of 4 km 2 (2 × 2 km) is coupled with inverse modeling schemes (50) . It is anticipated that the instrument will be an imaging grating spectrometer that covers three spectral ranges: 757-775 nm, 1,559-1,675 nm, and 2,043-2,095 nm at a spectral resolution of 0.045, 0.34, and 0.123, respectively. The sun-synchronous orbit altitude is planned at 800 km, with a number of 250 across-track ground pixels and 500 km swath width (lower signal-to-noise ratio than for OCO). The spacecraft will return to observe the same point on Earth every 6 d. The atmospheric CO 2 columns are expected to be retrieved with a precision of 0.5% (2 ppm) or better (50) .
The Ozone Monitoring Instrument (OMI) onboard the EOSAura satellite, was designed to study the Earth's atmosphere and is capable of detecting global NO 2 concentrations on a daily basis. It is an imaging spectrometer that measures solar radiation backscattered by the Earth's atmosphere and surface. The instrument has two spectrometers: a UV spectrometer that operates in the 270-365 nm range with subranges at 0.42 nm and 0.45 nm resolution and a UV-visible spectrometer that operates in the 350-500 nm range with a resolution of 0.63 nm. The CCD array used by OMI resolves one-dimensional spectral features with a 114°field of view, ensuring a viewing swath transverse to the orbit track of 2,600 km. The instrument's spatial resolution at nadir is dependent on its operational mode but can vary between 13 km × 24 km and 24 km × 48 km (51).
The one-sigma uncertainty for OMI NO 2 retrievals can be estimated as the sum of the AMF uncertainty and the base component from the spectral fitting and stratospheric correction. The base component is dependent on the AMF but ranges between 0.5 × 10 15 and 1.5 × 10 15 molec·cm −2 (52) . The relative error is in the 10-40% range, but may include unknown spatial undersampling errors due to a priori (albedo, surface pressure, profile shape) conditions that are only available at resolutions that are coarser than the OMI pixel size (53, 54) . OMI retrievals may have larger aerosol error contributions over locations with high aerosol loadings (52) . CO 2 (X 13CO2 , dark gray), and CO (X CO , magenta), respectively, superimposed on the Picarro in situ values (cyan) of the same gases except for CO. (C) Pandora (light purple) NO 2 total columns superimposed on the EPA in situ (cyan) NO 2 measurements. (E) δ 13 CO 2 (red) calculated from the 125HR measurements smoothed by the empirical function (Eq. 1) and calculated from the Picarro in situ measurements (cyan). Error bars are indicated for all column results and derived during the retrieval of each gas (Instrumentation). For A-C, the primary y axis represents the in situ measurements, and the secondary y axis represents the column measurements. (F) Wind direction (green circles), where 0°corresponds to a wind emanating from the north, 90°from the east (highlighted by the red dotted line), 180°from the south (highlighted by the black dotted line), and 270°from the west. The wind speed is indicated by the solid green line, and its magnitude (m/s) is reflected in the secondary y axis. ). Petal length represents the fraction of time (by percentage) of a plume's duration that a given wind speed-direction combination occurred. Wind direction is indicated by the petal width using 15°bins and speed by the petal color (red, 0-2 m·s −1 ; green, 2-4 m·s −1 ; blue, 4-6 m·s −1 ; yellow, 6-8 m·s −1 ).
Petal length represents the fraction of time (by percentage) of a plume's duration that a given wind speed-direction combination occurred. X CO versus X CO2 correlation is shown for the same plume event. The high emission ratio was 3.5 × 10 −3 for this day. Table S1 . NO x and SO 2 emission ratios calculated from the in situ measurements are compared with the EPA reported emission ratios for groups 1 (blue) and 2 (red), and NO 2 and CO emission ratios calculated from the in situ and column measurements are compared for groups 1 (blue), 2 (red), and 3 (green) P P C F P P J S in situ (1σ)
ΔNOx/ΔCO2 The in situ emission ratios are followed by SD (1σ). The EPA does not provide errors for the reported emissions. The numbers in parentheses represent the SD (1σ).
